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‘lhenationalfusiontechology effort has
made a good start at addressing the basic
nucleonics issues, but only a start. Wo
fundmnental nucleonics issues are seen as
insurmcxmtablebarriersto the developnant of
ccannercialfusion power. ‘ItYdate the fusion
nucleonicsefforthas reliedalmost exclusively
on other prcgrransfor nucleardata and codes.
Butasweprcgreea throughand beyond EIF type
design sttrliesthe fusionprogramwill need to
supprt a broad kaeed nuclmnics effort
includingcodedevelo~nt, sensitivitystudies,
integralexperiments,data acquisitionetc. It
is clear that nucleonicsissuesare extremely
impxtant to fusiondevelopmentand thatwe have
only scratchedthe surface.

1. IMKWCTICN

The nucleardesignand analyaischallenges
facd by neutronproducingfusionsystem are an
important aspect of fusion development.
Nucleonicsis impmant to fusim because80% of
the energy release frcm the principal
deuteriun-tritiwnfusionreaction (Dr) is the
kinetic energy of 14 Mef?neutrons.IWO, DD
fusionproduces2.5 MsV neutrons.

‘lheatmdarceof fusionneutronsis a mixed
blessimg. Without them lYr fusion would be
impracticalbecausetransnutaticmof lithiun by
fusicm neutrons is the rmly practicalway we
knowof prcducingthe tritiun(T)fuel. The 14
MeV neutronscan alsobeusad to generateexcess
neutrons for the production of additional
transmutationproducts, such as u233. On the
otherhand massive anoints of materials are
needed to utilize the ~ neutronfor breedhq
and productionof usefulthermalenergy,and for
shieldingpersonnel,SIX3 sensitive canponents.
Material damage and activation are a183
inprtant si& effectsof fusionneutrons.

~rmed underthe auapiciasof th U.S.
Departmentof Energyby the LawrenceLivarmore
NatiomalLaboratoryundercontractnumber
w-7405-BNG-48.

‘Ihefusionnucleonicseffortis engag~ in
three principal activities: (1) near term
experimentalplasmahardwareprograw, such as
TFTR and MFTF, where activation,biological
shielding, magnet heating, and shielding
sensitive diqnostic equipnentfromED neutrons
=e the prin+qin issues, (2)designof next
generatim experiments, like ETF,
characterisedby having significant UT fusion
power where shielding_nents such as super
ccndwting (SC)magnets becomes an additional
issue, and (3)comeptual design studies of
ccmnercial fusion reactors where the entire
rangeof nuc.leonicsissuesare important.

Cm objectivefor thispaper is to ~ive an
overviewof the status and-;eds
nucleonicsby discussingfour areas:

1)

2)

3)

4)

@nmsrcial ReactorStudies

The Engineering‘l@stFacility

WucleonicsWethodsand Codes

NuclearCata

Fk3re detailed treatment of

of ‘fusion

(m)

nucleonics
issuescan be feud in the ‘Neutronicsand
Shielding’secticnof theseproceedings.

2. C0M4ElCIALREACIORSTUDIES

The develognantof ccrmnercialreactors
requires successfullynegotiating the entire
gauntlet of nucleonicsissues. Generalissues
are:

mergy conversim — conversion of the
kinetic and ptential energyof the 14 wv M’
fusim neutronto usablethermalenergy.

Fuelprodwtion -- breedingof tritiun to
fUSl the ~ fusionreaction, ad if desiredto
use excessneutronsto producefissilefuel for
fissim reactors.

Shielding -- protection of
ccqments and personnel.

sensitive

Radiation damage -- affectslife timeof
materials.
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3CNEMATICOF THE BIANKET AND 3HIELD
FOR NUWMAx
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● Tritiunbreeding- 1.54

S5% Ti ●lloy

4U5% M c

I% H*O

0.25% Pb

● Blanket/shieldheating- 17.2MeV

● Naximlml
.s+ercondwtor- 7x~!il~~2fi‘l”X ‘n ‘i

● l!aximundpa in Al stabilizer- 2xlB+/y

● Maxirmm dose rate in epoxy insulators-
3x107rtis/y

● Nuclearheatingin ‘ITcoils- 500w

● Activity- about0.8 Curiesfl

● lbse ratesone hour after shut down -
6X105rem/hrinsideW about6mren/hroutside

The NUbFIAKdesign does a god job of
achievingits nucleonicdesigngoals. Exa@es
of areas requiring further analysis are the
effectsof penetrationin the blanketand shield
and a more rigorous nethod of determining
outsidedose rates.

STMFIRE is a just completed dvanced
tokamakreactordesignstdy done by a team fran
ArgonneNationalLaboratory,MXomell Coughs
Astronautics Cn., h *$2:3 ParsonaCo., and
the r.miversityof Wisconsin . STARFIRE is
a 3500Mh-fusion(4000NW-thermal)machinewith a
mjor radiusof 7m and an average neutron wall
loading of 3.6 HW/m2. An isometricviw of
s’12wIRBis shownin Fzg. 2-3 .

IMo unique nucl*nics aspects of this
tiesignare: (1)‘l& blanketuses a watercooled
solidbreeder (LiA102, 40cm) behind a solid
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Figure2-3

neutron multiplier-
‘Zrfpbl’ ‘m) *ich &requiredto have aikquate rl lun breeding.

structureis austeniticstainles steel,with an
9assuneduseful1ifeof 20 MW/m . (2) Shield

designplayedan inprtant part in the evolution
of the overallreactor design. Examplesof this
are the use of a limiterinsteadof a divertor
for plasma control and exhaust, ati rf for
plasma heating instead of neutralbeams. ‘Be
limiterusesa 40 an hiqh toroidalslot in the
outboardblanketwhichcommunicatescircuitously
with the vacuunpun@ lccatedaroundthe topof
the toroid. RF ductsalso penetratethe blanket
ad shiela-in a circuitousmannermanner. ‘Ihe
inboardshielduses tungstenand boron carbide
to protect the TF coils while requiringthe
leastspace (67an thick). This ~esults in a
maximum insulator dose of 5xM rads in 30
years,maximnnradiationind ed resistivity in
the Cu stabilizerof 5x10-fi ohn meters,and a
criticalcurrentdrop of 2% after20 ~/in2 wall
ex~sure. The outtmrd shield,in additionto
protecting the ~ coils,is designed to 1imit
activation and resultingdose rateto allowfor
material recyclingand hands-onmaintenance.

I?adiatimstreaming through ducts is an
importantaspectof the S’IYd?FIREstudy. Nuclear
heatingof vacuunpunp cryopanelsis a concern
but MonteCarlocalculationsahowedthisshould
mt pose problems,providedtheduct length is

panelsis%? k~/m~’ at *i& ‘ie heati~ in ss

greater
. . The 40 un limiter slot

increasedthe neutronfluxat the vacuun~rt by
70%, the implicationbeing that the cryopanel
heating due to tk limiter slot is not
excessive. Neutrcmstreaningout the rf ducts
is also acceptable in that none of the
dielectricwi

w
receive a neutron flux of

nme than 10 /Y.

‘he Tardem Mirror Reactor(T?4R)is a new
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3. ENGINEERING TEST FACILITY

The Engineering Test Facility (ETF)3-1 can
be selected as a near-term, programed example
of fusion neutronics applications and needs.
The preconceptual design phase has been in
progress since October, 1979, under a team
of laboratory/industryparticipants stationed
principally at the ETF Design Center in Oak
Ridge. Nuclear analysis for the design comes
under the purview of the Nuclear Systems
Branch, with General Atomic as the responsible
laboratory.

The scope of work in ETF nuclear analy-
sis includes establishing radiation cri-
teria, making nuclear data and R&D assess-
ments, performing radiation analysis and
shield design, and providing neutronics
and shield design input to the ETF Design
Center. The shielding calculations and the
R&D assessments are, of course, closely
coupled and iterative. These R&D require-
ments can best be understood by reviewing
some of the ETF neutronics concerns, shown
in Figure 3-1.

ETF radiation analysis and shield design
activities are directed toward the design of
the inboard and outboard bulk shields;
diverter coil shielding; bulk shield gaps and
penetrations;duct shielding and shield
shutters; component shields; remote handling
equipment; casks; test cell building; and
safety. Neutronics analysis of test, breed-
ing, and power modules or blankets will also
become important in the later stages of the
design.

The ETF Mission Statement3-2 states that
“a design goal shall be to allow hands-on
maintenance external to the toroidal field
coil shield”. This goal makes the outboard,
duct, and component shielding design parti-
cularly challenging, especially with respect
to materials selection and arrangement, and
shield irregularities. The inboard bulk
shield has the classical functions of protect-
ing the TF coil copper stabilizer from excess-
ive resistivity increase, the organic insula-
tion from loss of strength, and the dewar and
coil from excessive nuclear heating. Other
shielding functions shown in Figure 3-1 are
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Fig. 3-1. ETF Neutronice Concerns
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Table 3-1
ETF SUPPORTING R&D NEEDS-NilCLEARANALYSIS

Information and/or Technology
Date Demonstrations Needed Priority

Component, System, or
Technology Decision

Neutron radiation effects on G1O and 1*
other insulators.
Effect of copper annealing 1*
High-ener~ neutron cross sections - 1
neutron emission and activation, and
secondar ganmnaemission, for 9-15.

fNeV for %, Ni, Cu, Fe, Cr.
Sensitivity studies. 2
Shield optimization code. 2

Improved discrete ordinates/Nonte 1
Carlo coupling. [Also 1.3, 1.4, and
1.5.]

1. Inboard bulk shield
● composition
● configuration
● thickness

End of FY82 1.1

1.2
1.3

1.4
1.5

End of FY83 2.12. Outboard bulk shield
o composition
o configuration
● thickness

3. Oivertor coil
shielding
o streaming
t local heating
& damage

End of FY83 3.1 Improve Nonte Carlo variance reduction 2
and simplify input.
Complete TNREETRAN code development. 2or3
Additional cross sections for W, Ti, Ta. 1

3.2
3.3
3.4 Integral experiment on advanced

materials.
Damage and activation cross sections
for C, Ni, Fe, Cr.

Develop neutron streaming computer code
with improved semiempirical techniques.
Integral experiments to validate calcu-
lational techniques for complex
ge~tries.
Improve acceleration techniques for
discrete ordinates codes for streaming
calculations.
Generate parametric 14 HeV neutron gap
streaming data**.

Prototype tests inTFTR.
$ddfltionalneutron cross sections for
L1, Pb, Al, etc. [Also, 3.21

1

1

2

1

2

1*

;

3

?

1

3.5

4. Bulk shield gaps
and penetrations
o streaming
● local heating
& damage

End of FY82 4.1
(Conceptual)
End of FY85 4.2
(Title I)

4.3

4.4

5. Test modules
Power module
Q heating
o activation
o damage
● streaming
o breeding

End of FY82 5.1
(Conceptual) 5.2
End of FY87
(Title II)

6. Duct shielding
& shield shutter
o streaming
● activation of
components

● heating of
components

End of FY82 6.1
(Conceptual)
End of FY87
(Title II) 6.2

Develop more effective methods for
dividing large transport problems into
subproblssns.
Nockup experinnt ljllso2.1]

.

7. Components shields End of FY82 7.1 TFTR NBI radiation measurements
(Conceptual) (heating, activation)o materials

o thicknesses

* Priorities assigned
**Recent addition.

End of”FY87”
(Title II) NOTE: Remote handling equipment, casks, building,

by author. and safety have not been assessed in detail.
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“ofControlled Nucl. Fusion, King of
Prussia, PA, 14-17 Oct. 1980.
W.T. Urban, et al., “Nucleonic Analy-
sis of a Preliminary Design for the ETF
NBI Duct Shielding”, ibid.
M.A. Abdou, “Important Aspects of Radia-
tion Shielding for Fusion Reactor Toka-
maks”, Proc. 5th Int. Conf. on Reac. Sh.,
Knoxville, April 1977.
P.H. Sager, et al., “First Wall-Shield
Oesign Considerations for ETF”, Proc. 4th
ANS Topical Meeting Technol. of Con-
trolled Nucl. Fusion, King of Prussia,
PA, 14-17 Oct. 1980.

NUCLEONIC METHODS AND CODES

An assessment of the status and needs of
nucleonic methods and codes must be indexed
to the purposes for which they will be em-
ployed. Previous assessments have been per-
formed in the context of either conceptual
design studies,4-1*2~3 or actual engi-
neering design related to a potential con-
struction project.?-4 Presently, a canoni-
cal example of the latter case is the ETF
Project discussed above, and it is primarily
to such design efforts that this assessment
is addressed. Most of the conmnentsmade in
Ref. 4-4 with respect to nucleonic methods
and codes, although at that time (1976) di-
rected toward a possible Experimental Power
Reactor (EPR), are equally applicable to the
ETF. Also, experience with and planning for
the ETF design effort have identified addi-
tional areas as noted in Table 3-1.

4.1. Transport Codes
current nucleonic desian and analv-

sis efforts for both conceptual;eactor stu~-
ies and ETF employ either discrete-ordinates
(generically and CO1loquially referred to as
S~] or 140nteCarlo transport methods(a). It.
is anticipated that these will continue in
the ascendancy as the methods of choice dur-
ing the next few years, with any new code
development concentrating on evolutionary
improvements of these two quite different,
but complementary, approaches. Perhaps the
most pressing immediate need is for a more
effective marriage of the two methods.
Recent work on the ETF neutral beam injector
(N81) and vacuum duct streamin@shieldi ng4-5
has demonstrated anew the Importance of
linking the two methods. Specifically, what
is, in principal, a straightforward surface-
source interface between the methods proved
to be tedious and time consuming for the NM
duct analysis (cf. Fig. 4-1). This experi-
ence, repeated for the ETF vacuum duct, has
led to plans for automation of much of the
linking process. In the longer tern, other

Ta) A possible exception might be the use of
point kernel codes for secondary shield-
ing calculations.

hybrid SJMonte Carlo methods show promise
for solving streaming problems, but no code
development in this area is expected in the
near future.

Plon View

Shlold

?lg. 4-1. Wn”tic view, of tfn m ml d “.CUIM duct pOD?trl.,
und for coupled Wm. tirbl~ ulc.1.tio...

Contemporary two-dimensional (2-D)
S~codes such as DOT, TRIDENT-CTR and TWOTRAN
are generally capable of satisfactorily solv-
ing anticipated 2-D blanket/shield problems
in a stand-alone mode, provided void stream-
ing is not encountered. Future development
of the s~cific fusion reactor code TRIDENT-
CTR is expected in two categories: (1) Incor-
poration of numerical methods which modify
the discrete-ordinates solution algorithm to
ameliorate the void streaming problem, using
methods now beina develoDed: and (2) Evolu-
tionary improvem~nts an~ rnodific~tjons in
source options, boundary conditions, edit
and graphics capabilities,etc., mostly in
response to user requirements. Each major
application of the code has led to addition-
al capabilities to analyze problems that
could not be anticipated at the time of
initial code development. Referring again
to the ETF, Fig. 4-2 illustrates the tri-
angular mesh used to represent the portion
of the NBI duct penetrating the outboard
shield. By employing a stochastically-
computed surface source on the duct shield
surface and the first wall, the problem is
readily soluble.
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The situation with regard to 1-0
Sn codes is generally satisfactory,ANISN and
ONEOANT being the current generation. ONE-
OANT, which uses a free-field, mnemonic
input, has a synthetic diffusion accelera-
tion (OA) that significantly reduces com-
puting time. While not particularly signi-
ficant in l-D, the computer time savings
should be significant when the 2-D version
(TWOOANT) becomes publicly available.
Finally, the ETF divertor coil shielding has
demonstrated the renewed requirement for con-
tinuing development of 3-D ~ codes, which
are currently still in a primitive state.

Present needs seem to be reasonably well
satisfied by the current generation of Nonte
Carlo codes,
TARTNP.

primarily NCNP, NORSE, and
Users seem to choose between the

codes based mostly upon availability on a
particular computing system rather than
numerical capabilities, even though there
are fundamental differences in nwerical
methodology which impact effects such as
resonance self shielding and void streaming.
A current need exists to examine some of
the ramifications of ●ultigroup versus
continuous energy cross-sections, discrete
versus continuous scattering angle, and otner
methodology differences in the three codes.
These issues could have major impact on fu-
sion reactor nucleonics, but the relatively
limited use, let alone comparison, of these
codes so far has left open the questions.
Continual progress is being made in the in-
provenent of variance reduction techniques
as well as simplification of input (e.g.,
cf. Ref. 4-6), a need identified in Table
31. However, because of the complex nature
of problems that causes one to resort to
Nonte Carlo methods, it does not seem realis-
tic to expect the code to become as straight-
forward and foolproof for the casual user as
are simple 1-D ~ codes. On the other hand,
much remains to be done in automating some
variance reduction techniques (e.g., surface

s littin ) and providing better guidance on
LIt ir se ection criteria, thereby making the
codes more accessibleto non-expert users.
This latter point is quite important in view
of the apparent increasing requirement for
Nonte Carlo analyses by many designers as
fusion reactor concepts approach detailed
design.

Coupling of Sn and Nonte Carlo was dis-
cussed briefly abov,e. It is important to add
here the observation that for the foreseeable
future this coupling will probably remain es-
sential, for even with deterministic stream-
ing methods and 3-O Sn codes, complex 3-D
geometries may preclude application of deter-
ministic methods. While the ~ calculations
are necessary to predict detailed spatial/
spectral distributions of flux and responses
(e.9., the requirement for 3-D ~ in the
divertor coil and its shielding), the trans-
port of plasma neutrons in complex geometries
with large vacuum chambers can now only be
computed with Nonte Carlo. Although techni-
ques such as ray tracing to determine first
collision sources are in principle applic-
able, in complex geometry they are almost
equivalent to the Monte Carlo surface source
technique already developed.4-S

A method coasnonlyused to solve trans-
port problems in ducts and voids is that of
semi-empirical approximations, using geome-
tric factors, albedos, etc. While such calc-
ulationsare very approximate, they are in-
valuable when the designer is confronted with
a Wriad of Penetrations and gaps which
cannot all realistically be analyzed by
qonte Carlo. Examples are gaps between
vessels or other components and their
shields, vacuum piping, primary coolant
system pipes (especially He coolant), numer-
ous instrumentation and diagnostics ports,
etc. Codes for such analyses exist in the
fission reactor industry, and must be adapted
for fusion reactor neutron spectra and con-
figurations. As noted in Table 3-1, the
code(s) should ideally be available at the
conceptual design stage. Related to these
semi-empirical ❑ethods is the necessity to
generate parametric “handbook” streaming data
for fusion reactor spectra. Because shield
modules will inevitably have inhomogenieties
and construction gaps, empirical methods for
designing offsets, etc. are required soon.
The parametric data for such methods will
require numerous, well chosen Monte Carlo
analyses to cover the range of gap sizes,
number of offsets, and shield module wall
materials of insnediateinterest in the ETF.

4.2 Sensitivity and Optimization Codes
Methods and codes based upon simple per-

turbation theory presently exist at a mature
state of development (SENSIT and SWANLAKE).
Efforts related to sensitivity and uncer-
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tainty analyses in 1-D are now paced mostly
by uncertainty data deficiencies, and in the
case of secondary energy/an ular distribu-
teons, ‘1by data formatting cf. Sect. 5).
Extension of sensitivity codes to 2-O is
straightforward,and is under development.4-?
Perhaps the major development that could
impact sensitivity studies, but more impor-
tantly, shield optimization, is the develop-
ment of tractable higher-order perturbation
methods. Such development should be a long-
-term goal for fusion nucleonics.

4.3. Activation and Afterheat
Considerable effort has been exDended to

amass activation data libraries and to de-
velop codes for computing activation levels.
These codes and data vary from ad hoc de-
velopments to general purpose, fus~n=actor
oriented codes such as DKR4-a and RACC.4-g
Since these codes have only recently become
available with reasonably complete libraries,
experience hasn’t provided sufficient feed-
back to judge their adequacy. However, based
upon previous experience with codes of more

limited capability, it is reasonable to
assume that the present generation codes are
adequate for projected fusion reactor re-
quirements.

4.4. Code Availability
Almost all the codes referred to in this

review are publicly available via RSIC for
selected computers”and systems. Also, the
authors are aware of the availabilityof the
following codes on the NNFECC:

ANISN DOT NCNP SENSIT
ONEDANT TRIDENT-CTR TARTNP SWANLAKE

TWOTRAN

4.5 Summary and Conclusions
W~th the advent of fusion projects such

as FNIT and ETF, which promise to go beyond
the conceptual study stage in the near
future! the need for some nucleonic codes and
data 1s becoming pressing. Of particular
concern are multi-dimensional streaming cal-
culations in realistic duct configurations.
Such complex calculations will require ex-
tensive development and confirmation of
design methods, including benchmarks against
experimental mockups. Existing Nonte Carlo
codes appear adequate for the task; develop-
ment should be mainly in the areas of design
protocol, improved variance reduction
methods, and linking to deterministic trans-
port codes. However, for the actual shield
penetration and detailed spatial response
computation, multi-dimensional discrete-
ordinates codes will require added features.
While present discrete-ordinates codes can
usually treat geometric approximations
adequately, shortcomings exist in the
ability to accurately calculate streaming
in large void regions. Thus, surface-source

linking to Monte Carlo codes is currently
required; or, alternatively, first-collision
sources. Special needs of the ETF (e.g.,
divertor coil shielding) may also require
further 3-D discrete-ordinates code develop-
ment. Present generation codes are in any
event taxing computer storage and time limi-
tations, with resulting requirements for more

efficient computational algorithms. Improved
efficiency could result from better numerical
differencing methods, acceleration schemes,
or code features such as internal boundary
sources and geometric modeling flexibility.
Systematic numerical studies can also mini-
mize the required meshes for acceptable
accuracy.

This review of nucleonic methods and
codes is of necessity limited in detail.
Fur~her discussion of some aspects of the

is presented elsewhere in this
f$i% Meeting.?-lo
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NEUTRON DATA

microsco~ic description of neutron
interactions with materials”is the basis for
the calculations of neutron transport and
radiation effects. For fusion reactor
applications, the data needs extend beyond
those for fission reactors because of the
larger neutron energy range (up to 15 MeV)
and because of the wide variety of materials
now under consideration in conceptual fusion
reactor designs. For radiation test
facilities such as the Fusion Materials
Irradiation Test Facility, data ranging up
to 50 MeV will be required both in the
design of the facility and in the
interpretationof experiments.

Present Status

The status of nuclear data and how well
they meet the needs of fusion have been
reviewed regularly and thoroughly in recent
years.5-l,2 Because of the enormity of
this subject, only a brief and incomplete
review can be given here.

The present nuclear data, both
experimental and evaluated, constitute an
extensive data base for the development of
fusion energy. Experimental data are
compiled routinely, exchanged through
international agreements, and available from
established centers such as the National
Nuclear Data Center at Brookhaven National
Laboratory. Evaluated data libraries such
as ENDF/B-V and ENDL are also extensive and
widely used.

The National Magnetic Fusion Energy
Computer Center network and The Radiation
Shielding Information Center serve as
distribution points in the fusion community
for processed data libraries and :::
processing and transport codes.
ex~le, on the NMFECC network the ENDF/B-V
evaluated library is available as processed
data in the OLC series, the MATSX series and
special libraries. In addition, a variety
of processing codes operate in this network
including NJOY and TRANSX. The major
neutron transport codes in the NffECC are
ANISN, DOT-3.5, MCNP, Morse and TARTNP. The
RSIC collection includes the extensive AMPX

series as well as many codes and special
libraries used for years in the design of
fission reactors.

Nuclear data are therefore orders of
magnitude better than when early fission
reactors were designed. On the other hand,
fusion reactor development requires an
accurate and extensive data base because of
the expense of early generation reactors and
the nece,ssary design conservatism.
Accuracy and completeness are the areas
where the present data base can and should
be judged.

.Uclm
- The accuracy of the present

ata can be assessed by selected
measurements of the fundamental cross
sections or by integral experiments where
the combined effects of several partial
cross sections are tested. Ex~les could
have been chosen here to illustrate that in
certain important areas the data base is
excellent. However, we strongly reconsnend
against complacency towards the status of
nuclear data and, to support our beliefs,
have chosen inportant examples where the
data base has serious failings.

Neutron interactions with 7Li are
important in nearly every fusion reactor
design for tritium breeding via the
7Li(n,n’t) reaction and for neutron
}ransport. Recently the accuracy of the
L1 (n,n’t) cross section data has been

challenged by Swinhoe et al.5-3 Who

obtained values 26% lower tfin tfiENDF/B-IV
evaluation and lower than most of the
previous data. The preliminary data of
Smith et al.5-4 also are lower than the
evaluat~ The present status including
the recent results is shown in Fig. 5-1.

The evaluated neutron emission data from
7Li also represents the data poorly as
shown by recent measurements by Drake et
@_.5-5 (Fig. 5-2). In this case t~
treatment of the inelastic scattering does
not take into account the level structure of
~Li. With these new cross section data
and a better representation of the nuclear
physics, a new evaluation of neutron
interactions with 7Li is certainly
required.

Integral tests of evaluated data are
provided for example by the Integral Shield
Bencttnark Program at Oak Ridge National
Laboratory and by the Livennore Pulsed
Sphere Program. Again we present an example
where the evaluation is not adequate to
represent the experimental data, namely the
neutron emission spectrum from a one-
mean-free-path sphere of tun sten
surrounding a 14-MeV neutron source ?Fig.
5-3).5-6 Because shields for the inner
part of the toroidal field coils in a
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Fig. 5-1. Cross section for the 7Li(n,n’t)
reaction. Recent data are from
Swinhoe et al.5-3 (small solid
squares) ~nd—preliminary results Fig. 5-3.
of Smith et al.5-4 (small solid
circles). — CiTher data are
described in Ref. 5-2.
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Measured and calculated neutron
emission (time-of-flight) spectrum
from a l-mean-free-path tungsten
sphere surrounding a 14-MeV pulsed
neutron source. The detector is
9.8m frcsn the center of the
sphere. The ENDF/B-V evaluated
data library was used in the Monte
Carlo calculation. The
statistical uncertainties in this
calculation are denoted by the
error flaos for reDresentative

z L v
points. Tie figure “is adapted
from Ref. 5-6.
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energies; to do so would be impossible
10:7 experimentally and unrealistically expensive

w: \ for the evaluations. Instead we should ask
=
0 if the present data base is adequate for

present and near-term future requirements.
The two examples discussed here illustrate
that active, on-going programs in data
measurement and evaluation are required to
fill the continually changing needs.

1 1 1 1 t1III I 1

0.1 1.0 10
En, (MaV)

Fig. 5-2 Spectrumof neutrons emitted at 600
~~ 10-MeV neutron bombardment of

. Data are from Ref. 5-5.

Tokamak reactor must be small, tungsten is a
candidate for this shield. Clearly, a
better evaluation is required for this
material.

expe%%%%r ‘t~f ~~k!~%ed”ecll”~r>;
cover all possible reactions at all relevant

For the design of the Fusion Materials
Irradiation Test Facility, cross section
data were required for neutron energies up
to 50 MeV. Few experimental data
existed5-7 when this facility was proposed
and standard evaluations such as ENDF/B-V
extended (and still extend) only to 20 MeV.
The experimental situation was attacked by
selected measurements at established
facilities (see contributions in Refs. 8 and
9). The evaluations are being treated in an
ad hoc manner using the new experimental
Yi%uis as they are available. Two
syn-posia5-8,9 have been convened to
cornnunicate progress in the experimental,
theoretical, and evaluation areas for these
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newly required data.

Hydrogen and helium production in
neutron reactions was also recently
recognized as an important data need.
~;~rimental programs (see contributions in

. 5-9) in these areas were directed
toward fusion applications and the

} ~:;:~ntal data b e has been markedly
~esults5-~3 frcim one of these.

efforts are sunsnarized in Fig. 5-4.

4
Concurrently, a special gas production file
is being set up for ENDF/B-V for the
evaluated data.

h,<,,,U /
Aluminum Vanadium Iron Cmw SS304

Titanium chromium N*1 Ntilum

Fig. 5-4 Hydrogen and helium production
cross sections at 15-MeV neutron
energy from Ref. 5-10.

The response of the nuclear science
cofnnunityto these new needs has added much
in these two areas of crucial iwortance to
the development of fusion power. Yet new
requirements will certainly arise
regularly. One can imagine requirements for
evaluated primary-knock-on atan specta,
updated activation files, and transmutation
files. More data for neutron energies
between 14 and 50 MeV are required now for
FMIT. And the cmpletion of useful
covariance uncertainty files is essential
for sensitivity studies.

Future Prospects

There will certainly continue to be a
great nunber of nuclear data needs for
fusion. These needs will change with time,
new types of data will be needed, new
materials will be suggested, and greater

accuracy will be required.

The ability of the nuclear science
Comnunity to meet these needs will depend on
available facilities, methods, and manpower
in addition of course to operational
support. The present facilities in the
United States for measuring nuclear data
have been constructed by agencies for
fission reactor development, military
application, physical research,
forth.

and so
The capabilities to meet the data

needs could depend therefore on the
continued support from the other agencies.
At present nearly all the major U.S.
accelerators producing nuclear data for
fusion are entering their second decade or
older.

The development of improved methods,
experimental, theoretical, and calculational
will also be required. For example the need
for more efficient neutron transport codes
is clear as discussed in the preceding
section. Nuclear reaction model codes must
also be inproved for calculating the wide
range of required cross sections.

Finally, all of these developments
depend on the availability of well-trained
personnel. The factor of 3 drop in the
production of doctorates in nuclear science
in the last decade indicates a potential
problem in this area.

Me conclude that designers of fusion
reactors will need steady i~rovements in
nucleonics technology and that this area
presents a great challenge for the
development of economic fusion power.

5-1 J.

5-2 R.

5-3 M.

5-4 D.

5-5 D.
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